INTRODUCTION {#s1}
============

High grade serous ovarian cancer (HGSOC) is the most lethal gynecological cancer in the United States and is characterized by a high recurrence rate \[[@R1]\]; 70% of patients relapse and succumb to their disease despite initially successful chemotherapy. This is largely because most patients present with disseminated disease (stages III/IV) at diagnosis \[[@R2]\]. Patients with recurrent ovarian cancer inevitably develop resistance to standard platinum-based chemotherapy and additional chemotherapy does not offer significant survival benefit \[[@R3]\]. Therefore, non-cytotoxic maintenance therapies which could extend disease-free survival may improve a patient's quality of life and potentially prolong survival.

CDK4/6 inhibition is an emerging cytostatic therapy targeting cell cycle progression. A heterotrimeric complex of Cyclin D1, CDK4, and CDK6 is required to phosphorylate RB1, which eventually leads to the transcription of genes required for S phase. Therefore, CDK4/6 inhibition blocks the G1-S phase transition, forcing G1 arrest (reviewed in \[[@R4]\]). CDK4/6 inhibitors have shown promise in many tumors *in vitro*, such as neuroblastoma \[[@R5]\], liposarcoma \[[@R6]\], breast cancer \[[@R7]\], mantle cell lymphoma \[[@R8]\], non-small cell lung cancer \[[@R9]\], and germ cell tumors \[[@R10]\]. Importantly, there are also positive clinical results in patients. In metastatic breast cancer, Palbociclib in combination with letrozole doubled progression-free survival from 10 to 20 months compared to letrozole alone in a Phase II trial \[[@R11]\] and from 19.3 to 30.4 months in a Phase III trial \[[@R12]\]. Similarly, Ribociclib showed a significant impact in breast cancer \[[@R13]\], and both Palbociclib and Ribociclib are now FDA-approved in combination with an aromatase inhibitor as frontline treatment in ER^+^/HER2^--^ metastatic breast cancer.

In ovarian cancer, CDK4/6 inhibitors have shown promise *in vitro*. Response to CDK4/6 inhibitors has been linked to the mutational status of p16 and Rb \[[@R14]\]. CDK4/6 inhibitors have also been linked to targeting cancer stem cells \[[@R15]\]. However, resistance mechanisms have also been reported \[[@R16]\]. Clinical data regarding CDK4/6 inhibition in ovarian cancer are sparse. While Phase 1 (NCT03294694, NCT02897375) and Phase 2 (NCT02657928) trials of CDK4/6 inhibition in combination with other therapies in ovarian cancer have recently opened, no data is available yet from these studies. However, the CDK4/6 inhibitor abemaciclib as monotherapy did produce stable disease in two patients and a CA-125 response in a third patient \[[@R17]\]. Importantly, CDK4/6 inhibitors have generally been well-tolerated and side effects have been successfully managed by dose-reduction \[[@R18]\]. Therefore, these compounds could be useful as maintenance therapies or combination therapies in patients with chemotherapy-resistant disease.

We mined the TCGA database \[[@R19]\] and found that ∼40% of patients with HGSOC have mutations/dysregulation of various genes which regulate the G1 to S phase cell cycle transition, which is consistent with previous literature (reviewed in \[[@R20]\]) . We therefore tested CDK4/6 inhibition with Ribociclib both *in vitro* and *in vivo* and demonstrated a significant delay in ovarian cancer cell growth via the induction of a pseudo-senescent state. The combination of Ribociclib and cisplatin led to growth-arrest *in vitro* and significantly delayed tumor growth *in vivo*; therefore, Ribociclib appears to be a promising therapeutic for ovarian cancer treatment.

RESULTS {#s2}
=======

Mutations and dysregulation of genes in the CDK4/6 pathway are common in ovarian cancer {#s2_1}
---------------------------------------------------------------------------------------

The cBioPortal browser was used to mine data from The Cancer Genome Atlas (TCGA, \[[@R19]\]) to perform mutational analysis of genes in the CDK4/6 pathway. Mutations and significant dysregulation of mRNA expression (z-score \< --2 or \>2) were common in patients with HGSOC (Figure [1A](#F1){ref-type="fig"}). CDKN2A (also known as p16^INK4a^) is a tumor suppressor that normally serves as a brake on cell cycle progression by inhibiting CDK4 and CDK6 \[[@R21]\]. Interestingly, 21% of ovarian cancer patients showed CDKN2A deletions or significant downregulation. Another 16% showed significant amplifications or increases in mRNA expression of CDK4, CDK6, and/or Cyclin D1 expression; both these classes of mutations would contribute to an aberrantly overactive cell cycle and, presumably, tumor growth. Of note, RB1 was deleted or significantly downregulated in 17% of HGSOC patients; these patients may be less likely to respond to CDK4/6 inhibition. Overall, our data (Figure [1A](#F1){ref-type="fig"}) show that there is a large subset of HGSOC patients who would likely benefit from therapy with a CDK4/6 inhibitor. Therefore, we investigated the CDK4/6 inhibitor Ribociclib (LEE-011)(Novartis) in HGSOC.

![Ribociclib is a rational target in ovarian cancer\
(**A**) Analysis of 316 tumors from the TCGA database showing mutations and mRNA dysregulation of genes known to regulate the G1-S phase transition. (**B**) Cell numbers as a proportion of untreated control cell numbers in the indicated cell lines after 72 hours of treatment with the indicated doses of Ribociclib. (**C**) Fold-change in cell number over time in Hey1 cells (Rb^WT^) treated with the indicated doses of Ribociclib. (**D**) Fold-change in cell number over time in COV362 cells (Rb^null^) treated with the indicated doses of Ribociclib. (**E**) Analysis of cellular viability in Hey1 cells treated with the indicated doses of Ribociclib. All samples were analyzed at least in triplicate with each experiment performed three times. ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.001, ^\*\*\*\*^*p*\<0.0001 by two-sample, two-tailed *t*-tests comparing the indicated values in C and D and one-way ANOVA comparing groups in B.](oncotarget-09-15658-g001){#F1}

Ribociclib affects growth in multiple ovarian cancer cell lines {#s2_2}
---------------------------------------------------------------

A2780, Hey1, COV362, COV504, PEO1, and OVSAHO ovarian cancer cell lines were treated with increasing doses of Ribociclib for 3 days as detailed in Figure [1B](#F1){ref-type="fig"} and cell proliferation was quantified by cell counts with trypan blue exclusion. The RB1^WT^ cell lines A2780, Hey1, COV504, and PEO1 showed dose-dependent growth inhibition (Figure [1B](#F1){ref-type="fig"}). As RB1 is a core downstream target of CDK4 and CDK6, RB1^null^ cells should be resistant to CDK4/6 inhibition. To verify on-target effects, the RB1^null^ lines COV362 and OVSAHO were also treated with Ribociclib and were unresponsive (Figure [1B](#F1){ref-type="fig"}). For more detailed analysis, we treated the Rb^WT^ cell line Hey1 and the Rb^null^ line COV362 with Ribociclib and analyzed cell counts and viability daily. Relative to control treatment, Ribociclib decreased the number of Hey1 cells in a dose-dependent manner (Figure [1C](#F1){ref-type="fig"}) without affecting Hey1 cell viability (Figure [1E](#F1){ref-type="fig"}), suggesting that treatment leads to growth-arrest rather than cell death in this RB^WT^ cell line. However, Ribociclib did not affect Rb^null^ COV362 cell proliferation (Figure [1D](#F1){ref-type="fig"}) or viability ([Supplementary Figure 1A](#SD1){ref-type="supplementary-material"}) even at the highest doses, suggesting that decreased proliferation is an on-target effect of Ribociclib.

Ribociclib decreases cell proliferation by arresting cells in G1 in a 'pseudo-senescent' state {#s2_3}
----------------------------------------------------------------------------------------------

Cell cycle phase analysis with propidium iodide showed that Ribociclib treatment led to a dose-dependent accumulation of Hey1 cells in the G1/G0 phase of the cell cycle, with a concomitant decrease in the number of cells in the S and G2/M phases (Figure [2A--2B](#F2){ref-type="fig"}). This is consistent with the known role of CDK4 and CDK6 in regulating the G1-S transition \[[@R4]\]. We also observed a decrease in BrdU incorporation in Hey1 ovarian cancer cells during this treatment (Figure [2C](#F2){ref-type="fig"}), confirming a decrease in proliferation. The Rb^null^ line COV362 showed no cell cycle changes in response to Ribociclib, regardless of dose ([Supplementary Figure 1B](#SD1){ref-type="supplementary-material"}).

![Ribociclib treatment leads to G1 arrest and decreased BrdU incorporation\
(**A**) Representative cell cycle profiles of Hey1 ovarian cancer cells treated with Ribociclib for 72 h and (**B**) summary of cell cycle phase shifts. (**C**) BrdU incorporation in Hey1 ovarian cancer cells after 72 h of treatment with the indicated doses of Ribociclib. All samples were analyzed in triplicate with each experiment replicated at least once. FACS samples counted at least 10,000 events. ^\*^*p* \< 0.05, ^\*\*^ *p* \< 0.01, ^\*\*\*^*p* \< 0.001 by two-sample, two-sided *t*-test.](oncotarget-09-15658-g002){#F2}

CDK4/6 inhibitors have been reported to induce senescence in cancer cells \[[@R5], [@R22]\]. We therefore evaluated the expression of Senescence Associated β-Galactosidase (SAβG) with Ribociclib treatment. Consistent with prior reports, we observed a clear increase in SAβG staining in treated Hey1 cells with increasing concentrations of Ribociclib (Figure [3Ai](#F3){ref-type="fig"}), with \>95% of cells showing strong SAβG staining after three days of treatment (Figure [3Aii](#F3){ref-type="fig"}). Senescent cells are also reported to increase expression of numerous secretory proteins including CSF2, IL1A, IL6, ANG, HRG, and SERPINB1 (reviewed in \[[@R23]\]). However, Ribociclib treatment of Hey1 cells led to mRNA induction in only three of the six selected genes encoding senescence associated secretory proteins (Figure [3B](#F3){ref-type="fig"}).

![Ribociclib induces a pseudosenescent state in ovarian cancer cells\
(**A**) Senescence-associated β-galactosidase staining (i) and quantification (ii) following a 72 h treatment of Hey1 cells with the indicated dose of Ribociclib. (**B**) qRT-PCR analysis of mRNA expression of senescence-associated secretory genes after a 72 h treatment with the indicated dose of Ribociclib. (**C**) Fold-change in cell numbers of Hey1 cells after 5 days of treatment with the indicated dose of Ribociclib or vehicle (black bar) followed by discontinuation of treatment. (**D**)(i) Graph of confluence of control cells and cells treated continuously with Ribociclib for 5 days and then either maintained on therapy or washed and given fresh media 24 hours prior to monitoring. (ii) Representative photomicrographs from representative wells of the indicated treatment conditions in panel (i) at the start and end of imaging. Arrows indicate cells observed to be dividing. All samples were analyzed in triplicate with each experiment replicated at least once. ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.001 by two-sample, two-sided *t*-tests.](oncotarget-09-15658-g003){#F3}

Truly senescent cells are believed to permanently exit the cell cycle and should be unable to resume proliferation \[[@R24]\]. Even though cells treated with high-dose Ribociclib for 3 days demonstrate \>95% SABG staining (Figure [3Ai-ii](#F3){ref-type="fig"}), cells demonstrate a stable albeit slow proliferation rate during treatment (Figure [1C](#F1){ref-type="fig"}). In addition, cells treated with Ribociclib for 5 days and then allowed to grow without the drug (termed "recovery") resumed cycling after the drug washout, indicating a lack of true senescence (Figure [3C](#F3){ref-type="fig"}). Continued cell growth could be related to either a subpopulation of resistant cells or slower proliferation in the majority of cells. To evaluate this, we performed time lapse microscopy of (i) control cells, (ii) cells treated with high dose Ribociclib (3 µM) for 5 days followed by drug washout (incubation without drug in control growth medium), or (iii) cells with continuous Ribociclib (3 µM) treatment. After normalization for cell numbers, control cells and cells treated with Ribociclib followed by washout demonstrated similar proliferation rates (Figure [3Di](#F3){ref-type="fig"}). Image analysis confirmed proliferation of \>70% of cells in each group, demonstrating that most cells can resume proliferation following Ribociclib washout. Furthermore, image analysis of cells maintained in continuous Ribociclib treatment demonstrated that \>70% of cells were actively proliferating, but at a slower rate compared to the control and Ribociclib washout groups (Figure [3Dii](#F3){ref-type="fig"}). Therefore, it appears that rather than rapid proliferation of a small, resistant subpopulation, most cells continue to cycle at a slow rate when treated with Ribociclib, rather than entering a state of complete growth arrest. Together, these data suggest that CDK4/6 inhibition does not induce a truly senescent state in ovarian cancer cells.

Ribociclib potentiates the impact of cisplatin {#s2_4}
----------------------------------------------

Platinum-based chemotherapy is the standard of care for first-line treatment in ovarian cancer. We therefore investigated the combined impact of treatment with Ribociclib and cisplatin. We treated Hey1 ovarian cancer cells with 1ug/mL cisplatin alone or cisplatin in combination with Ribociclib (0 nM, 250 nM, 1 uM, or 3 uM). Consistent with previous reports and the known mechanism of cisplatin-induced DNA damage preventing cell cycle progression \[[@R25], [@R26]\], we observed that cisplatin treatment led to accumulation of cells in the S/G2/M phases of the cell cycle 24--48 hours after treatment (Figure [4A--4B](#F4){ref-type="fig"}). Cells treated with cisplatin alone recovered, with normalization of the cell cycle in surviving cells at 72 hours (Figure [4C](#F4){ref-type="fig"}). In contrast, the addition of Ribociclib to cisplatin significantly decreased the ability of cancer cells to move past the G2/M restriction point and back into a normal cell cycling pattern in a dose-dependent manner (Figure [4A--4C](#F4){ref-type="fig"}). 72 hours after treatment, the majority of cells treated with cisplatin and 3 uM Ribociclib remained in the G2/M peak (Figure [4C](#F4){ref-type="fig"}).

![Ribociclib enhances cisplatin-induced G2/M arrest\
Cell cycle phase diagrams after 24 h (**A**), 48 h (**B**), and 72 h (**C**) of treatment with cisplatin alone or concurrent 1ug/mL cisplatin and the indicated dose of Ribociclib, or no treatment. (**D**) Absolute cell counts in (i) COV504 and (ii) PEO cells after treatment with cisplatin followed by maintenance Ribociclib. (**E**) Absolute cell counts in (i) COV504 and (ii) PEO cells after concurrent treatment with cisplatin and Ribociclib without maintenance Ribociclib. (**F**) Absolute cell counts in (i) COV504 and (ii) PEO1 cells after concurrent treatment with cisplatin and Ribociclib followed by maintenance Ribociclib. All samples were analyzed in triplicate with each experiment replicated at least once. ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.001 by two-sided, two-tailed *t*-tests.](oncotarget-09-15658-g004){#F4}

Given these results, we next used MTT assays to quantify the effects of Ribociclib on absolute and relative cell numbers remaining after cisplatin chemotherapy. Concurrent treatment with Ribociclib and cisplatin for 72 hours led to a decrease in the absolute number of surviving Hey1 cells ([Supplementary Figure 2Ai](#SD1){ref-type="supplementary-material"}). Normalization for the impact of Ribociclib on cell proliferation demonstrated a similar rate of cellular kill ([Supplementary Figure 2Bi](#SD1){ref-type="supplementary-material"}). Conversely, while pre-treatment with Ribociclib for 24 hours before chemotherapy led to a decrease in the absolute number of cells ([Supplementary Figure 2Aii](#SD1){ref-type="supplementary-material"}), normalization of cell numbers to adjust for cell number decrease related to Ribociclib exposure suggested that cell cycle arrest with Ribociclib prior to cisplatin exposure resulted in a higher proportion of surviving cells ([Supplementary Figure 2Bii](#SD1){ref-type="supplementary-material"}). When pre-treatment with Ribociclib was followed by a 24 hr washout period before cisplatin treatment, this effect disappeared ([Supplementary Figure 2Aiii, 2Biii](#SD1){ref-type="supplementary-material"}).

We further evaluated the timing of therapy and the addition of Ribociclib maintenance therapy using cancer cell recovery assays. Ribociclib maintenance therapy (initiated 72 hrs after initial treatment with cisplatin), potently synergized with cisplatin in the COV504, PEO1, and Hey1 ovarian cancer cell lines; in fact, control cells recovered effectively after cisplatin therapy, while cells treated with 1 uM or 3 uM Ribociclib as maintenance after cisplatin therapy remained unable to proliferate throughout the two-week observation period (Figure [4D](#F4){ref-type="fig"}; [Supplementary Figure 3A](#SD1){ref-type="supplementary-material"}). Combination indices for TD50 doses of cisplatin and doses of Ribociclib 250 nm--3 uM ranged from 0.2--0.39. Co-treatment for 3 days with Ribociclib and cisplatin, followed by no maintenance therapy (Figure [4E](#F4){ref-type="fig"}; [Supplementary Figure 3C](#SD1){ref-type="supplementary-material"}) effectively delayed cell growth, but the Hey1 and PEO1 cells resumed proliferation in the absence of continued Ribociclib treatment. Continued therapy with 1 uM or 3 uM Ribociclib effectively prevented cells from proliferating (Figure [4F](#F4){ref-type="fig"}; [Supplementary Figure 3B](#SD1){ref-type="supplementary-material"}). As seen in the MTT assays, pretreatment of cells with Ribociclib prior to cisplatin therapy was not an effective therapeutic regimen ([Supplementary Figure 3D](#SD1){ref-type="supplementary-material"}).

Ribociclib and Ribociclib + Cisplatin treatment decreases pCHK1 {#s2_5}
---------------------------------------------------------------

To verify on-target activity of Ribociclib, Hey1, COV504, and PEO1 cells were treated with increasing doses of Ribociclib either alone or combined with cisplatin, and lysates were collected for Western blot analysis of p-Rb. As predicted, Ribociclib treatment resulted in dose-dependent inhibition of Rb phosphorylation (Figure [5A--5C](#F5){ref-type="fig"}). Interestingly, co-treatment with Ribociclib and cisplatin decreased both pRB and total RB.

![Ribociclib decreases pRb, ATR, and Chk1 alone and in combination with cisplatin\
(i) Western blot evaluation and (ii) densitometric quantification of total Rb, p-Rb, p-Chk1, and p-ATR in Hey1 (**A**), COV504 (**B**), and PEO1 (**C**) cells after 72 hours of the indicated doses of Ribociclib or a single dose of cisplatin followed by three days of Ribociclib. Gels have been cropped for clarity. All samples were analyzed in triplicate with each experiment replicated at least once for each cell line.](oncotarget-09-15658-g005){#F5}

The potentiation of the impact of cisplatin with extended arrest of cells in the G2/M phase of the cell cycle data, as seen in Figure [4](#F4){ref-type="fig"}, suggests that CDK4/6 inhibition may have an unappreciated impact on the DNA damage response. We therefore evaluated the impact of Ribociclib on pATR and pChk1, which are known to participate in the DNA damage response. We found that in all three tested cell lines, Ribociclib decreased p-Chk1 in a dose dependent manner in the presence of cisplatin (Figure [5A--5C](#F5){ref-type="fig"}). pATR was similarly decreased in Hey1 cells (Figure [5A](#F5){ref-type="fig"}).

Ribociclib is effective alone and in combination with cisplatin *in vivo* {#s2_6}
-------------------------------------------------------------------------

We next evaluated Ribociclib activity *in vivo* using platinum-sensitive PEO1 cell line xenografts. Ribociclib treatment (5 days on + 2 days off, as described in the dosing schedule in Figure [6A](#F6){ref-type="fig"}) was started three days after tumor initiation. Ribociclib treatment was as effective as cisplatin in slowing tumor growth in the PEO1 xenografts (Figure [6B](#F6){ref-type="fig"}). Cisplatin treatment, either as a single agent or concurrent with Ribociclib, followed by maintenance with Ribociclib, further restricted disease growth (Figure [6B](#F6){ref-type="fig"}; *p* \< 0.01). No clear benefit of concurrent versus sequential therapy with cisplatin and Ribociclib was observed.

![Ribociclib decreases Hey1 and PEO1 ovarian cancer tumor xenograft growth in combination with cisplatin\
(**A**) Sample dosing schedule for Ribociclib-only maintenance therapy and various combinations of sequential and concurrent treatment with cisplatin and Ribociclib. (**B**) Tumor growth in platinum-sensitive PEO1 xenografts treated with the indicated combinations of cisplatin with or without concurrent Ribociclib treatment and with or without Ribociclib maintenance therapy. (**C**) Hey1 tumor xenograft growth when treated with (i) vehicle vs. Ribociclib, (ii) vehicle control vs. cisplatin followed by vehicle (Cisplatin \> vehicle) vs. cisplatin followed by Ribociclib maintenance (Cisplatin \> Ribociclib), or (iii) cisplatin concurrent with Ribociclib followed by Ribociclib maintenance (Cis + Ribociclib \> Ribociclib) vs. cisplatin alone followed by Ribociclib maintenance (Cis \> Ribociclib). (**D**) IHC analysis of (i) pRB and (ii) Ki67 in tumors from the indicated treatment groups, and (iii) quantification of pRB and Ki67 marker-positive cells in the in the indicated treatment groups. Five high power fields from three sections of three tumors in each group were scored. ^\*\*\*^*p* \< 0.001 relative to the control.](oncotarget-09-15658-g006){#F6}

As platinum-resistance is an important clinical problem, we next evaluated the impact of single agent Ribociclib in the platinum-resistant Hey1 cell line. Compared to vehicle treatment, treatment with Ribociclib significantly delayed tumor growth (*p* \< 0.01) (Figure [6Ci](#F6){ref-type="fig"}). Then, we tested the impact of Ribociclib as a maintenance therapy following cisplatin in Hey1 cells. Dosing schedules were established such that all treatment groups received two doses of cisplatin weekly and five doses of Ribociclib weekly (Figure [6A](#F6){ref-type="fig"}). The addition of Ribociclib maintenance therapy after cisplatin resulted in a ∼40% increase in time to tumor endpoint (defined as a total tumor burden \>2,000 mg per mouse, \>10% weight loss, tumor ulceration, or poor health of the animal) (Figure [6Cii](#F6){ref-type="fig"}). We also evaluated the impact of concurrent cisplatin+Ribociclib followed by Ribociclib maintenance vs. cisplatin alone followed by Ribociclib maintenance therapy. In this platinum-resistant cell line, there was no additional benefit of concurrent therapy versus maintenance alone (Figure [6Ciii](#F6){ref-type="fig"}).

Finally, we performed immunohistochemical analysis of the treated PEO1 xenografts. Cisplatin+ Ribociclib-treated tumors demonstrated large acellular regions (Figure [6Di--ii](#F6){ref-type="fig"}). Immunohistochemical analysis of PEO1 tumors demonstrated a clear decrease in both p-Rb and Ki67 (Figure [6Di--iii](#F6){ref-type="fig"}) in Ribociclib-treated tumors, indicating on-target activity and efficacy. The greatest decrease in pRb was observed in tumors treated with cisplatin and Ribociclib.

DISCUSSION {#s3}
==========

We investigated the effects of Ribociclib as combination and maintenance therapy for high grade serous ovarian cancer (HGSOC). Given that multiple previous reports have shown dysregulated cell cycle gene expression within the known CDKN2A/Cyclin D1-CDK4-CDK6/Rb axis, CDK4/6 inhibition represents a promising approach in ovarian cancer. The tumor suppressor CDKN2A has been shown to be dysregulated through multiple mechanisms, including promoter methylation in 40% of cases in one series \[[@R27]\] and homozygous deletions in 18% of another series \[[@R28]\]. Abnormal CDK4 expression was found in 14--16% of patients in one series and did not differ by tumor stage \[[@R29]\], consistent with a 14% aberrant CDK4 expression rate found through Northern blot analysis in another study \[[@R30]\]. Cyclin D1 was found to be overexpressed in 19% of ovarian tumors in one study, which was correlated with poor prognosis \[[@R31]\]. Rates of RB loss or aberrant expression vary widely, and have ranged from 8--78%, (reviewed in \[[@R20]\]). In our study, mutational analysis of TCGA ovarian cancer data has shown that a significant percentage of patients have mutations or dysregulated expression of CDKN2A, CDK4, CDK6, or CCND1 that would likely make them good candidates for CDK4/6 inhibitor therapy (Figure [1A](#F1){ref-type="fig"}). However, 17% of ovarian cancer patients in the TCGA database also have homozygous deletions or significantly downregulated RB1; these patients are less likely to receive significant benefit from CDK4/6 inhibitor therapy. Consistent with this mechanism, previous reports have shown that CDKN2A-low/RB1-proficient ovarian cancer cells were most responsive to CDK4/6 inhibition \[[@R14]\] and that RB1 loss was a mechanism of resistance to CDK4/6 inhibition. The correlations between mutational status and response to CDK4/6 inhibition are also clear in breast cancer, where downregulation of CDKN2A and amplification of CDK4 or CDK6 were correlated with sensitivity to CDK4/6 inhibition \[[@R7]\]. This is also concordant with our data showing that ovarian cancer cell lines carrying RB deletions are insensitive to Ribociclib as single-agent therapy.

Several studies have reported that CDK4/6 inhibition can induce cellular senescence \[[@R32]--[@R34]\]. Traditionally, senescence is considered to be irreversible exit from the cell cycle into the G0 phase with expression of a suite of senescence-associated secretory markers (reviewed in \[[@R23]\]). Through these secretory factors, senescent cells can promote malignant progression without actively dividing. Despite the traditional association of senescence with the G0 phase, one known mechanism of senescence begins with the tumor suppressor p16^Ink4a^ (CDKN2A), which inhibits Rb inactivation by CDK4 and CDK6, leading to failure to transition from G1 phase into S phase \[[@R35], [@R36]\]. Therefore, it is possible that CDK4/6 inhibition by Ribociclib could lead to replicative senescence. In our study, Ribociclib treatment was associated with a pseudo-senescent-phenotype *in vitro*; cells showed strong induction of SAβG with partial mRNA induction of some known senescence associated secretory proteins. However, cells continued to proliferate after drug washout, even after a long exposure. Indeed, the majority of cells could proliferate even in the presence of high-dose Ribociclib, albeit more slowly. Based on our data, cell cycle retardation delays tumor growth and can serve as an effective treatment. Given that cells do not truly senesce, continuous therapy will be necessary. However, given the pro-inflammatory and pro-tumorigenic nature of senescence-associated secretory proteins, further investigation is required to better characterize this pseudo-senescent state.

Interestingly, we have observed significant synergy (CI 0.2--0.4) between Ribociclib and cisplatin. While Ribociclib alone retards but does not completely block cell proliferation, the combination of concurrent and maintenance Ribociclib with and after cisplatin *in vitro* arrested cell growth. This was associated with a prolonged arrest of cells in G2/M phase (Figure [4A-C](#F4){ref-type="fig"}). We hypothesize that this arrest may be related to the known functions of CDKs in the DNA damage response (reviewed in \[[@R37], [@R38]\]), which is essential for response to and recovery from cisplatin exposure \[[@R39]\]. In particular, cells can become sensitized to cisplatin after ATR depletion \[[@R40]\]; a recent report shows that CDK6 regulates transcription of ATR, and that CDK6 inhibition therefore sensitizes epithelial ovarian cancer cells to death from cisplatin due to an impaired DNA damage response \[[@R41]\]. We found that Ribociclib treatment was associated with a decrease in p-Chk1 in all tested ovarian cancer cells and in ATR in the Hey1 cell line. ATR or Chk-1 mediated dysregulation of the DNA damage response may help to explain the prolonged growth arrest seen with the combination of Ribociclib and cisplatin.

We observed that Ribociclib significantly delayed tumor growth in *in vivo* xenograft experiments when used as a single agent and after cisplatin treatment. Interestingly, Ribociclib therapy was as effective as cytotoxic cisplatin therapy *in vivo* in platinum-sensitive cells, and it had significant activity in platinum-resistant cells. In platinum-sensitive cells, cisplatin + Ribociclib followed by Ribociclib maintenance therapy was not superior to cisplatin alone followed by maintenance therapy. This may be partly because tumor volume measurements were misleading due to large regions of acellular tissues. Previous studies have suggested that concurrent CDK4/6 inhibition with platinum may decrease chemotherapeutic effectiveness \[[@R14]\] as it decreases the cell cycling rate. However, we find that the timing of drug administration is critical, with pre-administration of Ribociclib increasing resistance to cisplatin, but concurrent therapy enhancing efficacy. Given the competing roles of Ribociclib during initial cisplatin therapy in the cytostatic G1-arrest response vs. recovery after cisplatin and the DNA damage response, further studies are necessary to investigate this balance.

In conclusion, CDK4/6 inhibition with Ribociclib showed significant activity against both platinum-sensitive and platinum-resistant cell lines both *in vitro* and *in vivo*. This drug shows significant combinatorial effects with cisplatin, resulting in prolonged times to cellular recovery *in vitro* and restriction of tumor growth *in vivo*. Further research regarding specific mechanisms by which this drug combination affects cell cycling and the DNA damage response as well as clinical impacts is required.

MATERIALS AND METHODS {#s4}
=====================

Cell lines {#s4_1}
----------

The A2780 cell line (Rb^WT^; platinum-sensitive) was obtained from Dr. Susan Murphy at Duke and was used at passages 12--14. COV504 (Rb^WT^; platinum-sensitive) and OVSAHO (Rb^null^; platinum-sensitive) lines were obtained from Dr. Deborah Marsh at the University of Sydney and were used from passages 5--10. The COV362 (Rb^null^; platinum-sensitive) line was obtained from ATCC and used from passages 6--12. The PEO1 cell line (Rb^WT^; platinum-sensitive) was purchased from Sigma-Aldrich in 12/2016, which uses STR profiling for cell line authentication. The Hey1 cell line (Rb^WT^; platinum-resistant) was obtained from Rebecca Liu at the University of Michigan. The A2780, COV504, Hey1, OVSAHO, and COV362 lines underwent STR profiling in 2/2017 with the American Type Culture Collection (ATCC) for validation; the PEO1 line was not profiled as it had been purchased two months previously. In 2016, the A2780, Hey1, and OVSAHO cell lines tested positive for mycoplasma and were successfully treated with the MycoZap-5 kit (Lonza) and monitored every six months using the MycoAlert detection kit (Lonza) with no subsequent evidence of infection. Hey1, A2780, and COV504 lines were cultured in RPMI-1640 media with 10% FBS and 1% Penicillin/Streptomycin at 37° C and 5% CO2. OVSAHO, PEO1, and COV362 lines were cultured in DMEM with 10% FBS and 1% Penicillin/Streptomycin at 37° C and 5% CO~2~.

Cell cycle analysis {#s4_2}
-------------------

Hey1 and COV362 cells were grown in 6-well plates in triplicate and treated for 72 hours with 0, 250 nM, 1 uM, or 3 uM Ribociclib (initially purchased from Selleckchem, later generously provided by Novartis) for three days. Cells were then harvested, fixed dropwise in 70% ethanol, and incubated with 0.1 ug/mL RNAse for 1h at 37° F. 1 ug/mL propidium iodide was added and then cells were run on the BD Accuri C6 flow cytometer (Becton Dickinson) and analyzed with FlowJo Version 10. 10,000 events were used for each sample.

Senescence analysis {#s4_3}
-------------------

Hey1 cells were grown in 6-well dishes in triplicate and treated for three days with 0, 250 nM, 1 uM, or 3 uM Ribociclib. Each well was stained overnight for senescence-associated β-galactosidase with the Senescence β-galactosidase Assay Kit (Cell Signaling) according to the manufacturer's instructions. Images were quantified as described in the Statistics section.

Western blots {#s4_4}
-------------

Western blots were performed as previously described \[[@R42]\]. Briefly, Hey1, COV504, or PEO1 cells were cultured with various concentrations of Ribociclib (clinical grade provided by Novartis) and cisplatin (clinical grade purchased from the University of Michigan Pharmacy) for 3 days, lysed in RIPA buffer (Pierce) with complete protease inhibitor (Roche), and quantified by Bradford assay (Pierce) per the manufacturer's instructions. Then, 100 ug of protein were loaded onto a 4--12% NuPAGE SDS gel (Thermo Fisher) and transferred to a PVDF membrane (Thermo Fisher). Membranes were incubated overnight with 1:1000 anti-RB, 1:1000 anti-pRB-S807/811, 1:1000 anti-pCHK1, or 1:1000 anti-pATR (all from Cell Signaling) at room temperature and then washed and incubated for 1h with 1:10,000 anti-mouse HRP or anti-rabbit HRP (Cell Signaling). Visualization was performed with ECL Plus Western Blotting Substrate (Pierce). Densitometry and quantification were subsequently performed with ImageJ.

qRT-PCR {#s4_5}
-------

Hey1 cells were grown in 6-well dishes and treated for three days with 0, 250 nM, 1 uM, or 3 uM Ribociclib. Total RNA was extracted with an RNeasy Mini Kit (Qiagen) and quantified with a Nanodrop 1000 (Thermo Scientific). 1 ug RNA was converted to cDNA with a SuperScript III Reverse Transcriptase cDNA Kit (Life Technologies) per the manufacturer's instructions, and 10 ng of cDNA was used for each reaction. qRT-PCR was performed for 40 cycles using SYBR dye (Applied Biosystems) as recommended by the manufacturer, with primers at 100 nM concentrations each.

Primers for senescence-associated qRT-PCR genes are as follows: CSF2, F-5′-GCTGTCTACGTCGG GATGC-3′, R-5′- GACCATGCGATCCACCTCTC-3′; IL 1A, F-5′- TGGTAGTAGCAACCAACGGGA-3′, R-5′- ACTTTGATTGAGGGCGTCATTC-3′; IL6, F-5′- ACT CACCTCTTCAGAACGAATTG-3′, R-5′- CCATCTTT GGAAGGTTCAGGTTG-3′; ANG F-5′- AGCGCC GAAGTCCAGAAAAC-3′, R-5′- TACTCTCACGACAGT TGCCAT-3′; HRG F-5′- CGGTGTCCATGCCTTCCAT-3′, R-5′- GCGAGTTTCTTAACAGGCTCT-3′; and SERP INB1 F-5′- TTCCTGGCGTTGAGTGAGAAC-3′, R-5′- CTGCCGTGTTACCTCTGGTC-3′. Melt curves were performed to ensure a uniform product, and expression was then normalized to B-Actin with the ΔΔCT method.

MTT assays {#s4_6}
----------

2,000 Hey1 cells were plated into each well of a 96-well plate and treated with various combinations of 1 ug/mL cisplatin and 0, 250 nM, 1 uM, and 3 uM Ribociclib for up to five days, as described in [Supplementary Figure 2](#SD1){ref-type="supplementary-material"}. Then, media was removed and cells were incubated with MTT and SDS using the Vybrant MTT Cell Proliferation Assay Kit (ThermoFisher Scientific) as described in the manufacturer's protocol. Absorbance was read at 570 nM and was normalized for the impact of Ribociclib on cell proliferation for analysis.

Recovery assays {#s4_7}
---------------

20,000 Hey1, PEO1, or COV504 cells were plated in 12-well dishes and treated with various combinations of Ribociclib and cisplatin. Thereafter, cells were counted every 2--3 days in triplicate with trypan blue exclusion and the recovery of cell number was plotted. Experiments were terminated when cells reached confluence.

Tumor xenograft experiments {#s4_8}
---------------------------

All animal experiments were approved by the University of Michigan Institutional Review Board and the University of Michigan Institutional Animal Cases and Use Committee (IACUC). Nod/SCID/Gamma (NSG) mice were raised under SPF conditions with a 12 hr dark/light cycle and ad-libitum chow and drinking water. Mice were injected subcutaneously with 100,000 Hey1 or PEO1 cells on Day 0 of each experiment. Three days later, mice were treated with PBS, vehicle (1% methylcellulose), cisplatin, Ribociclib, or cisplatin + Ribociclib, according to the dosing schedule provided in Figure [6A](#F6){ref-type="fig"}. Tumors were measured twice a week with calipers and tumor volumes were calculated using the modified ellipsoid formula: volume = (L\*W^2^)/2. Tumor weights were collected when mice were sacrificed at the tumor endpoint, which was defined in our IACUC protocol as a tumor burden \>2000 mm^3^ per mouse, \>10% weight loss, poor health of the animal, or tumor ulceration. Mice were euthanized when they reached any of these tumor endpoints, and growth curves were plotted for each drug or drug combination. Three animals in each group were sacrificed when animals reached 400--500 mm^3^ for IHC analysis of tumors during active treatment.

IHC {#s4_9}
---

IHC for Ki67 and pRb was performed by the UMCC histology core on tumors harvested at a volume of 400-500 mm^3^ to minimize central tumor necrosis and better define tumor histology. Ki67 staining was performed as previously described \[[@R43]\]. For pRB, formalin-fixed paraffin-embedded sections were cut at 5-micron thickness and rehydrated with water. Heat induced epitope retrieval was performed with FLEX TRS High pH Retrieval buffer (9.0) for 20 minutes for pRB (Ser 807/811, 1:400) (Cell Signaling, D20B12) and Ki-67 (rabbit monoclonal, Cell Marque 1:2:50). The Dako EnVision+ Rabbit or Mouse System, as appropriate, was used for detection per the manufacturer's protocol. DAB chromagen was then applied for 10 minutes. Slides were counterstained with Harris Hematoxylin for 5 seconds and then dehydrated and coverslipped.

Statistical analysis {#s4_10}
--------------------

*In vitro* experiments were repeated independently at least three times with triplicate samples in each experiment, unless indicated otherwise. All mouse studies were performed with *n* = 10 tumors per group, based on a final tumor volume of ∼1000 mm^3^ in control animals and an expected standard deviation of 30%. For SABG analysis, five high power fields from three technical replicates in each treatment group were scored. Similarly, for tumor IHC analysis, five high power fields from three sections of three tumors in each group were scored as previously described \[[@R43], [@R44]\]. Statistical significance for continuous variables was evaluated using a 2-sided student's *T*-test or one-way ANOVA, as appropriate, with *p*-values \< 0.05 denoting significance. Error bars in figures represent standard error of the mean unless denoted otherwise. Synergy analysis was performed using 12 day time points using the Chou-Tataly median effects method \[[@R45]\] and calculated using Compusyn software (<http://www.combosyn.com>).

SUPPLEMENTARY MATERIALS FIGURES {#s5}
===============================
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